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Abstract— Peak power reduction in space-time coded orthog-
onal frequency division multiplexing systems (OFDM) is a chal-
lenging task. Most of the current peak power reduction schemes
reduce the peak power by manipulating the signal at the final
IDFT process. However, in the case of space-time coded OFDM,
any processing at this stage would violate the space-time code
structure making it impossible to detect at the receiver. This
paper shows that selected mapping (SLM) reduces the peak
power of space-time coded OFDM signals without violating the
space-time code. Reduced peak power of the OFDM signal relaxes
the strict dynamic range requirements of the transmitter.
I. INTRODUCTION
Multiple antenna systems provide high spectral efficiency
in a wireless channels. Space-time coding (STTC) was in-
troduced in [1] and [2] as an effective transmit diversity
technique to combat fading. Its decoding complexity increases
exponentially with the transmission rate. Since spacetime
codes are originally designed for flat-fading channels, it is
challenging to apply them over frequency-selective channels.
One approach is to employ orthogonal frequency-division mul-
tiplexing (OFDM) which converts a frequency-selective chan-
nel into parallel independent frequency-flat subchannels using
the computationally efficient fast Fourier transform (FFT) [3].
Space-time coded OFDM has also been standardized in IEEE
802.16a [4]. OFDM techniques are also being considered for
emerging mobile broadband wireless access standard, IEEE
802.20.
However, the OFDM signal consists of large number of
independently modulated subcarriers, which can yield a large
peak-to-average power ratio (PAR) when the subcarriers add
up coherently. A large PAR leads to disadvantages such as
increased complexity of the analog-to-digital converter and a
reduced efficiency of the radio frequency amplifier. Although
the high peak-powers of OFDM signals are not a concern
for the downlink, it is a considerable issue for the uplink
specially when the user is mobile. Reduced dynamic range
for the transmitter of a mobile user means reduced cost of
the equipment and increased battery life. Many solutions to
the PAR problem have recently been proposed [5]–[9]. It is a
timely concern to investigate the means to reduce the PAR of
space-time coded OFDM signals without violating the space
time code.
Selected mapping (SLM) reduces the PAR by generating
U(> 1) statistically independent OFDM symbols for a given
data frame and transmitting the u˜-th symbol with the lowest
peak-power [10]. The value of u˜ (side information) is required
at the receiver to recover the signal successfully. We recently
derived an algorithm to perform maximum-likelihood (ML)
decoding at the receiver without side information [11]. In this
paper, we propose the use of SLM without side information
to reduce the PAR of space-time coded OFDM signals.
This paper is organized as follows. Section II describes
OFDM systems and the PAR of OFDM signals. Section III
develops the PAR reduction mechanism at the transmitter
and Section IV explains the decoding process at the receiver.
Simulation results are shown in Section V while Section VI
concludes the paper.
II. PAR OF ORTHOGONAL FREQUENCY DIVISION
MULTIPLEXING SIGNALS
An OFDM symbol is formed by a block of N modulation
symbols and N orthogonal subcarriers, such that the adjacent
subcarrier separation ∆f = 1/T , where T is the OFDM signal
duration. The resulting signal may be expressed as
s(t) =
1√
N
N−1∑
n=0
cne
j2πn∆ft, 0 ≤ t ≤ T (1)
where j =
√−1. The data symbol vector in (1), c ∈ C,
c = (c0, c1, . . . , cN−1) is a vector of N constellation symbols
from a constellation Q. The size of Q is q. For coded
OFDM (COFDM) C is an optional channel code such as a
convolutional code or a trellis code. A cyclic prefix (CP) is
added to the signal s(t), in order to avoid the intersymbol
interference (ISI) which occurs in multipath channels. Since
CP does not impact the PAR issue, it is ignored here. The
PAR of an OFDM symbol is given by
ξ =
max |s(t)|2
E[|s(t)|2] (2)
where E[.] denotes expectation. This does not greatly depend
on the constellation Q. The theoretical maximum of the PAR
for N number of sub-carriers is 10 log(N) dB. In this paper an
oversamplinng factor of L ≥ 4 is used to estimate the actual
PAR from its samples.
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Fig. 1. Baseband represenation of the two trasnmitter space-time coded
OFDM system using a single receiver
III. SPACE-TIME CODED OFDM
In this paper we consider an OFDM system that incorporates
the space-time code proposed by Alamouti [1] with two trans-
mitter antennas. The transmission matrix of the Almamouti
code is
G =
(
c1 c2
−c¯2 c¯1
)
(3)
where ci = (c0,i, c1,i, . . . , cN−1,i), i = 1, 2 are the OFDM
symbols transmitted using the i-th transmitter antenna. c¯ is
used to represent the complex conjugate of c throughout
this paper. This space-time code implementation for each
subcarrier n is shown in Fig. 1, where 0 ≤ n < N . At any
given time instance t, two OFDM symbols are simultaneously
transmitted from the two transmitter antennas Tx1 and Tx2.
At time t=1, signal c1 is transmitted from Tx1 and c2 is
transmitted from Tx2. In the next time interval, t=2, signals
−c¯2 and c¯1 are simultaneously transmitted from antennas
Tx1 and Tx2, respectively. These signals can be recovered
completely provided the channel is slowly varying and remains
constant across two consecutive OFDM symbols. However,
due to reasons described in Section I PAR of OFDM signals
has to be reduced before the transmission. This PAR reduction
process is described next.
A. PAR Reduction of Space-time Coded OFDM Signals
We propose selected mapping (SLM) [12] to reduce the
PAR of the space-time coded OFDM signal. SLM reduces the
PAR by generating U(> 1) statistically independent OFDM
symbols for a given data frame by changing the phase angle
of each subcarrier by a predetermine angle at each step and
transmitting the u˜-th symbol with the lowest peak-power [10].
The proposed PAR minimization process is described in Fig.
2 with the help of the space-time coded symbol structure. In
order to preserve the space-time code format, PAR of two
symbols are reduced before the space time code. The SLM
encoder uses a fixed set of U phase vectors (SLM vectors)
given by
Pu =
[
ejφ
u
0 , ejφ
u
1 , . . . , ejφ
u
N−1
]
,
φun ∈ (0, 2π], u ∈ {0, 1, . . . , U−1} and let a⊗b represent the
vector product of a and b. The optimum SLM vectors, Pu˜1
and Pu˜2) which minimizes the PAR of c1 and c2 are found. It
is observed that c1⊗Pu˜1 and c¯1⊗P¯u˜1 have equal PARs, while
c2 ⊗ Pu˜2 and −c¯2 ⊗ P¯u˜2 also have equal PARs. The proof of
this can be found in the Appendix. These PAR reduced STC
coded OFDM symbols are given by:
S˜1 = c1 ⊗ Pu˜1
S˜2 = c2 ⊗ Pu˜1
S˜3 = −c¯1 ⊗ P¯u˜1
S˜4 = c¯1 ⊗ P¯u˜1
In the proposed scheme the values of the optimal SLM
vector indices u˜1 and u˜2 are not transmitted to the receiver.
The ML decoding method developed in [11] is used to detect
the symbols without this side information.
IV. ML-SLM DECODER
Single Receiver-Antenna
The received symbols at the receiver can be expressed with
the aid of optimized OFDM symbols S˜1, . . . , S˜4. The received
signal after taking the DFT at t = 1 and t = 2 can be expressed
as
yn,1 = Hn,1cn,1ejφ
u˜1
n + Hn,2cn,2ejφ
u˜2
n + Nn,1 (4)
yn,2 = −Hn,1c¯n,2e−jφu˜2n + Hn,2c¯n,1e−jφu˜1n + Nn,2 (5)
where Hn,i, i = 1, 2 is the channel transfer factors of the n-
th subcarrier for the signal transmitted through the antenna
i and Nn,t, t = 1, 2 is additive white gaussian noise at the
receiver for signal received at time instance t. Received signal
yn,1 consists of PAR reduced signals S˜1 and S˜2, while yn,2
consists of their conjugates. The symbols cn,1 and cn,2 can be
estimated at the receiver by appropriately combining yn,1 and
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yn,2 according to
c˜n,1 = H¯n,1yn,1 + Hn,2y¯n,2
=
(|Hn,1|2 + |Hn,2|2) cn,1ejφu˜1n + H¯n,1Nn,1 + Hn,2N¯n,2
= Hncn,1ejφu˜1n +Nn,1
(6)
where Hn = |Hn,1|2 + |Hn,2|2 and Nn,1 = H¯n,1Nn,1 +
Hn,2N¯n,2 Similarly,
c˜n,2 = H¯n,2yn,1 −Hn,1y¯n,2
=
(|Hn,1|2 + |Hn,2|2) cn,2ejφu˜2n + H¯n,2N1 −Hn,1N¯2
= Hncn,2ejφu˜2n +Nn,2
(7)
where Nn,2 = H¯n,2Nn,1 −Hn,1N¯n,2. Finally a ML decoder
can be used to estimate the correct signal.
First, c˜n,1 is detected into the nearest constellation point cˆn,
by comparing c˜n,1 with Hˆncˆne−jφuˆn , where Hˆn = |Hˆn,1|2 +
|Hˆn,2|2 in which Hˆn,1 and Hˆn,2 are the estimated channel
responses. That is, a hard decision is made for each subcarrier.
This whole process is repeated for 0 ≤ uˆ ≤ U − 1. The data
sequence cˆ = [cˆ0, cˆ1, . . . , cˆN−1], which gives the minimum
Euclidean distance solution D is the decoded data sequence.
The decision metric can thus be written as
D = min
Puˆ,uˆ∈{0,1,...,U−1}
N−1∑
n=0
min
cˆn,i∈Q
∣∣∣c˜n,ie−jφuˆn − Hˆncˆn
∣∣∣2 . (8)
where i = 1, 2 is the index of the symbols given in (6) and
(7). The proposed decoder structure is depicted in Fig. 3
Using the above matric two data frames ci =
[c0,i, c1,i, c2,i, . . . , cN−1,i], for i = 1, 2 can be recovered.
For COFDM with a given trellis structure, the metric (8) can
be computed using the Viterbi algorithm. The branch metric
of the trellis is given by
B =
∣∣∣c˜n,ie−jφuˆn − Hˆncˆn
∣∣∣2 . (9)
In this case, cˆn is only the branch symbol of the trellis [11].
Multiple Receiver-Antennas
The above development can be extended to case of multiple
antennas at the receiver. The received signal at a receiver with
r, r = 1, 2, . . . , R antennas can be expressed as:
yn,r,1 = Hn,r,1cn,1ejφ
u˜1
n + Hn,r,2cn,2ejφ
u˜1
n + Nn,r,1
yn,r,2 = −Hn,r,1c¯n,2ejφu˜2n + Hn,r,2c¯n,1ejφu˜2n + Nn,r,2
where Hn,r,i is the channel transfer factor for the n-th sub-
carrier transmitted from i-th transmitter antenna and received
through the r-th receiver antenna. Then the space-time decod-
ing can be performed using
c˜n,1 =
R∑
r=1
(
H¯n,r,1yn,r,1 + Hn,r,2y¯n,r,2
) (10)
c˜n,1 =
R∑
r=1
(
H¯n,r,2yn,r,1 −Hn,r,1y¯n,r,2
) (11)
which simplifies to
c˜n,1 =
R∑
r=1
[(|Hn,r,1|2 + |Hn,r,2|2) cn,1ejφu˜1n
+ H¯n,r,1Nr,1 +H¯n,r,2N¯r,2
]
c˜n,2 =
R∑
r=1
[(|Hn,r,1|2 + |Hn,r,2|2) cn,2ejφu˜2n
+H¯n,r,2Nr,1 − H¯n,r,1N¯r,2
]
(12)
Above expressions can be generalized to
c˜n,i = Hncn,iejφu˜in +Nn,i (13)
Finally, ML decoding metric for one receiver antenna (8) can
be applied to recover the correct transmitted signals. This
algorithm can be easily implemented using DSP techniques.
V. SIMULATION RESULTS
Proposed system is evaluated over fading channels and
in the presence of a nonlinear amplifier using Monte Carlo
simulations. A simple amplitude clipping device is used to
represent the nonlinearity. Amplitudes greater than a given
threshold level A is clipped to the threshold value, while the
phase of the signal remain unchanged. This threshold level is
described by the allowed backoff B at the nonlinear device.
B = 10 log10
(
A2
E[|s|2]
)
(14)
where |s| is the amplitude of the input signal. A fully in-
terleaved, independent (uncorrelated) Rayleigh fading channel
is considered in the simulations. Effect of Doppler spread
and delay spread is ignored. However, the effect of delay
spread can be overcome by a suitable cyclic prefix. It is also
assumed that both the transmitter and receiver antennas are
uncorrelated and perfect channel state information is available
at the receiver. An OFDM system with 256 subcarrier and
16-QAM (quadrature amplitude modulation) is used in all the
simulations. Correlation between antennas is also ignored in
the simulations.
Fig. 4 depicts the complementary cumulative distribution
function of PAR reduced OFDM signals and uncoded OFDM
signals. PAR is reduced by 3 dB at 0.1% CCDF. This level
of PAR reduction shrinks the dynamic range of the signal
significantly and the power requirement at the transmitter
power amplifier can be reduced by 50% without any signal
distortion.
The effect of PAR reduction on signal distortion is depicted
in Fig. 5 and Fig. 6 for receiver antennas 1 and 2 respectively.
Simulations are carried out without the non linearity and by
setting the backoff of the amplifier to 0dB and 3dB when
the number of receivers are 1 and 2. As is seen in in both
figures, PAR reduction clearly improves the bit error rate
(BER) performance of the system when the backoff of the
amplifier is very small (0dB and 3 dB). When an ideal linear
amplifier is used no significant BER performance difference
is observed. The BER performance further improves when the
number of receivers are increased.
VI. CONCLUSIONS
Reducing the peak-to-average power ratio of space-time
coded OFDM signal can be a challenging task because the
signal manipulation after the space time code would destroy
the space-time coding structure. This paper presents a selected
mapping based scheme which can reduce the peak power of
the space-time coded OFDM signals without violating the
space time code. Peak power is reduced by 3 dB with a moder-
ate increase in the complexity. Bit error rate performance in a
Rayleigh fading channel in the presence of a nonlinear device
is also improved. Simulation results have been obtained for
uncoded OFDM signals. Effect of forward error control coding
on the bit error rate performance needs to be investigated.
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Fig. 4. Complementary cumulative density function of PAR of space-time
coded ordinary OFDM signals and space-time coded PAR reduced OFDM
signals
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Fig. 5. Performance comparison of the space-time coded PAR reduced
OFDM signals with space-time coded ordinary OFDM signals using a single
receiver over uncorrelated Rayleigh fading channel and a nonlinear amplifi er
with different back offs (0dB and 3dB).
APPENDIX
Lemma: Let c = [c0, c1, . . . , cN−1] ∈ C be a constellation
vector forming an OFDM symbol (block) and PAR(c) be the
corresponding peak-to-average power ratio of the OFDM sym-
bol. Then PAR (c¯) = PAR (c) where c¯ = [c¯0, c¯1, . . . , c¯N−1] is
the complex-conjugated OFDM symbol.
proof: From Eq. (1),
s(k) =
1√
N
N−1∑
n=0
cne
j2πnk/N , 0 ≤ k ≤ N − 1 (A.1)
are the time-domain samples of the OFDM symbol c. Let
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Fig. 6. Performance comparison of the space-time coded PAR reduced
OFDM signals with space-time coded ordinary OFDM signals using two
receivers over uncorrelated Rayleigh fading channel and a nonlinear amplifi er
with different back offs (0dB and 3dB).
c′(k), 0 ≤ k ≤ N − 1 be the time domain samples of the
OFDM symbol c¯, then
c′(k) =
1√
N
N−1∑
n=0
c¯ne
j2πnk/N . (A.2)
From (A.1)
c¯(k) =
1√
N
N−1∑
n=0
c¯ne
−j2πnk/N .
Therefore,
c¯(N −m) = 1√
N
N−1∑
n=0
c¯ne
−j2πn(N−m)/N
=
1√
N
N−1∑
n=0
c¯ne
j2πnm/N
= c′(m), for 1 ≤ m ≤ N − 1.
(A.2)
Also, c′(0) = c¯(0). Therefore, c′(k) consists of complex-
conjugate and reverse time-domain sample sequence c(k),
except for k = 0, where c′(0) = c¯(0).
Therefore,
PAR (c¯) = PAR (c) .
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